We investigated radial resin canals in Pinus densiflora by means of serial tangential sections taken from phloem to xylem through the cambium. The canals were found within fusiform rays in both phloem and xylem. The ducts were closed in the cambial zone, but opened at widely differing distances from the cambium among individual radial resin canals, ranging from 120 to 340 μm on the phloem side and from 260 to 640 μm on the xylem side. Further, the ducts were not open continuously on both sides. The average number of radial resin canals in the tangential plane was 0.76/mm 2 . In the cambial zone, central cells of fusiform rays which might develop into epithelial cells later, were smaller and more deeply stained than the surrounding ray initial cells, allowing them to be identified at the initial stage. Two or more radial resin canals situated nearby each other were connected through an axial resin canal.
INTRODUCTION
There are two types of intercellular space, namely secretory and non-secretory intercellular spaces. The former type, having a store of resin or gum in their cavity, are commonly called resin canal (duct) or gum canal (duct) (Fahn 1979; Shimaji et al.1985; IAWA Committee 2004; Zhang et al. 2004) . Resin canals are a common feature in some coniferous trees, and members of the Pinaceae were classified in accordance with this feature by Jeffrey in 1905 (Bannan 1936 . Further, in the genus Pinus, both axial and radial resin canals appear as normal features of the wood, and because of their importance in wood technology and resin extraction, their formation and anatomical features have been studied by many investigators (Bannan 1933 (Bannan , 1936 Chattaway 1951; Mergen & Echols 1955; Takizawa et al. 1980; Nanko et al. 1984; Kuroda 1986; Werker & Fahn 1969; Yamanaka 1989) . The resin canals are surrounded by a layer of thin-walled, unlignified secretory cells which are termed epithelial cells. The epithelial cells of the axial resin canals originate from fusiform initials, and those of the radial resin canals originate from ray initials of fusiform rays, which are a kind of multiseriate ray with a fusiform shape in tangential section. Through the separation of these epithelial cells, intercellular spaces are formed and develop into the resin canals (Fahn 1982) . However, in contrast with the detailed descriptions of axial resin canals, few references can be found to any work on radial resin canals (Chattaway 1951; Werker & Fahn 1969 ). In addition, radial resin canals of phloem are considered as the invasion entrance of pine wood nematodes, which cause pine wilt disease (Ishida et al. 1993; Ishida & Hogetsu 1997) . In this study, therefore, we focused on the developmental anatomy and structure of the radial resin canals, and conducted a closer inspection of the network structure of the resin canals by means of serial sections in Pinus densiflora.
MATERIALS AND METHODS
We studied a Pinus densiflora tree growing in Ibaraki Prefecture, Japan. A fresh wood block containing phloem, cambium, and xylem with two or three annual rings was taken from a living tree (diameter at breast height: 377 mm) with a chisel every two weeks from April to July 2005, and fixed immediately in 3% glutaraldehyde in 0.07 M phosphate buffer at pH 7.2.
Transverse sections were hand-cut from each fixed specimen and observed under a conventional light microscope. Cambial activity had already begun in the specimen sampled in early April, and formation of axial resin canals had begun in the specimen sampled in early July. These two specimens were used for the following examinations. Cortical tissue was removed from all specimens before sectioning.
Small blocks (tangential face 3 × 3 mm, radial length 10 mm) containing cambium with adjacent phloem and xylem that included at least one annual ring, were prepared from the fixed specimen, dehydrated through a graded ethanol series, and embedded in the softest epoxy resin according to Luft (1961) .
Using glass knives, we cut several transverse sections (10 μm thick), a series of tangential sections (20 μm thick) going from the phloem to the xylem (more than 1.3 mm in phloem and 2.9 mm in xylem), a series of radial sections (20 μm thick), and a series of transverse sections (20 μm thick) from the embedded blocks. After washing and drying, the sections were stained with safranin, mounted in Canada balsam, and then serially photographed.
Among the serial tangential sections, the cambium was identified by the lack of both styloid crystals and axial parenchyma strands, and by the appearance of new radial walls due to anticlinal divisions. We followed the radial resin canals from the cambium towards the phloem and the xylem, and investigated their development stages.
Ten small blocks (tangential face 10 × 10 mm, radial length 15 mm) of xylem were prepared from the fixed specimens, and a tangential section 20 μm thick was cut from each block with a sliding microtome. We counted the number of radial resin canals in each section, and then calculated the average number per square millimeter. 
RESULTS AND DISCUSSION

Appearance and frequency of radial resin canals
There were no axial resin canals in the phloem. The fusiform rays were present on both sides of the cambium (Fig. 1) , and the radial resin canals were found within these fusiform rays in both phloem and xylem ( Fig. 2a, c) . However, in the cambial zone (Fig. 2b) there was as yet no cavity. Cavities arose at some distances from the cambium, and the distances on the xylem side were farther than those on the side of the phloem. The distances varied widely among the traced individual radial resin canals (>20), ranging from 120 to 340 μm on the phloem side and from 260 to 640 μm on the xylem side. In general, cell divisions in the cambial zone are more frequent on the xylem side of the cambium than on the phloem side (Philipson 1971) , but the exact rates of cell divisions in Pinus densiflora are not known, so it is very difficult to decide the exact developmental order of the radial resin canals between the phloem and the xylem. We assumed that there are no big time lags between the two sides of the cambium.
All surveyed fusiform rays (>50), without exception, contained a radial resin canal. Takizawa et al. (1980) investigated the distribution of radial resin canals in Larix leptolepis Gord., and reported that there were 1 to 2 radial resin canals per square millimeter in the tangential section of the latewood of each annual ring. In this study, we found that the average number in P. densiflora was 0.76/mm 2 .
Anatomical features of epithelial cells
We traced the fusiform rays through the series of tangential sections. Central cells of the fusiform rays in the cambial zone (arrows in Fig. 3a) , which might develop into epithelial cells later, are smaller and a little more deeply stained owing to the denser cytoplasm than the surrounding ray initial cells. In other words, these cells can be easily recognized in the initial stage (cambial zone) as the predecessors of epithelial cells. Thus, it seems reasonable to call them "epithelial initial cells". This finding suggests that the fusiform ray consists of two kinds of initial cells from the beginning. According to Fahn (1979) , the cells, which develop into epithelial cells of axial resin canals later, are also discernible among the daughter cells of the fusiform initials of the cambial zone.
Outer cell walls of the epithelial cells in fully developed resin canals seemed to be more deeply safranin-stained than the other side walls in both axial (arrows in Fig. 3b and c) and radial resin canals (arrow in Fig. 3d ). The epithelial cell walls are thin and unlignified, whereas cells directly surrounding the epithelial cells, named sheath cells, have relatively thick walls and the walls are very rich in pectic substances (Fahn 1979) , so the sheath cell walls are more easily stained with safranin (Konoshima 1965) . The outer cell walls of the epithelial cells adjoined these deeply safranin-stained sheath cell walls, so the deep safranin color came not from the epithelial cell wall itself, but from the sheath cell wall. This phenomenon is helpful to distinguish the boundary of epithelial cells and sheath cells in the developed resin canals.
Network structure of resin canals
In the genus Pinus, axial and radial resin canals appear as normal features of the secondary xylem, and so are considered reliable diagnostic features for wood identification (Chattaway 1951; IAWA Committee 2004) . Independent axial resin canals situated in the same radial plane are connected to each other through radial resin canals, but there are no sideways connections between the resin canals of each radial plane (Werker & Fahn 1969; Fahn 1982) . We observed connections of the radial resin ducts with the axial resin ducts in radial as well as tangential sections (Fig. 4) . Moreover, two or more radial resin canals situated nearby each other were connected through an axial resin canal, as Figure 5 shows. The connection between the axial resin canal and a lower-portion radial resin canal in Figure 5b was confirmed in the adjacent tangential sections in the series. These results indicate that axial and radial resin canals connect with each other and form an anastomosing network structure in the xylem as found by Werker and Fahn (1969) for Pinus halepensis. Such a structure will serve as a network pathway for resin flow, helping strengthen defenses against external injury. Yamanaka (1989) observed a tangentially anastomosing network of axial resin canals in traumatic phloem of Chamaecyparis obtusa, and pointed out that such a network is common to secretory cavities formed in response to biological or mechanical injuries. On the other hand, interconnecting resin canals are also used as a convenient pathway for pine wood nematode migration through the xylem of pine trees (Ishida et al. 1993; Ishida & Hogetsu 1997) .
Investigation of a series of transverse sections showed that all surveyed axial resin canals came in contact with radial resin canals somewhere. This result coincides with the description that radial resin canals are always developed in conjunction with axial resin canals (Chattaway 1951) . Up to now, no coniferous taxon is known to possess exclusively radial resin canals: "if radial resin canals are present, then axial resin canals are present also"; thus, this feature can be used for wood identification, especially for tiny archeological specimens (IAWA Committee 2004). Chattaway (1951) described that once the radial resin canals are formed, they are continuous through the fusiform rays in both the xylem and phloem. To investigate the radial continuity of the cavities, we examined series of tangential sections. Some radial resin canals showed a discontinuous opening of the cavity; for instance, the sections shown in Figure 6 were taken from a tangential series on the phloem side, in which cortical tissue was not included. The distances to the cambial zone of each section in ʻaʼ to ʻdʼ are 240, 380, 460, and 700 μm, respectively. The lumen of the radial resin canal was closed in sections ʻaʼ and ʻcʼ and open in sections ʻbʼ and ʻdʼ. This finding suggests that the lumina are open at some distances from the cambium, and then close again at some other distances. Therefore, the lumina of some radial resin canals are not always open on the phloem side, but the opening and closing are repeated. Further, the distances between open and closed lumina were very different among individual radial resin canals. The same phenomenon was observed on the xylem side. Thus some radial resin canals of P. densiflora are not open continuously through the rays. Previous researchers proposed that the pine wood nematode can break into the ends of the phloem radial resin canals and invade the xylem resin canals and thus the trunk (Ishida et al. 1993; Ishida & Hogetsu 1997; Ichihara et al. 2000) . Radial continuity of the lumina of radial resin canals could be important, and migration of the pine wood nematode might be somewhat barred by closure. Further research, of course, is required to identify the cause of closure and its effect on nematode invasion.
Connection of radial resin canals
